Crandall CG, Davis SL. Cutaneous vascular and sudomotor responses in human skin grafts. J Appl Physiol 109: 1524 -1530 , 2010 . First published June 17, 2010 doi:10.1152/japplphysiol.00466.2010.-Each year millions of individuals sustain burns. Within the US 40,000 -70,000 individuals are hospitalized for burn-related injuries, some of which are quite severe, requiring skin grafting. The grafting procedure disrupts neural and vascular connections between the host site and the graft, both of which are necessary for that region of skin to contribute to temperature regulation. With the use of relatively modern techniques such as laser-Doppler flowmetry and intradermal microdialysis, a wealth of information has become available regarding the consequences of skin grafting on heat dissipation and heat conservation mechanisms. The prevailing data suggest that cutaneous vasodilator capacity to an indirect heat stress (i.e., heating the individual but not the evaluated graft area) and a local heating stimulus (i.e., directly heating the graft area) is impaired in grafted skin. These impairments persist for Ն4 yr following the grafting procedures and are perhaps permanent. The capacity for grafted skin to vasodilate to an endothelial-dependent vasodilator is likewise impaired, whereas its capacity to vasodilate to an endothelial-independent vasodilator is generally preserved. Sweating responsiveness is minimal to nonexistent in grafted skin to both a whole body heat stress and local administration of the primary neurotransmitter responsible for stimulating sweat glands (i.e., acetylcholine). Likewise, there is no evidence that this absence of sweat gland responsiveness improves as the graft matures. In contrast to the heating stimuli, cutaneous vasoconstrictor responses to both indirect whole body cooling (i.e., exposing the individual to a cold stress but not at the evaluated graft area) and direct local cooling (i.e., directly cooling the graft area) are preserved in grafted skin as early as 5-9 mo postgrafting. If uninjured skin does not compensate for impaired heat dissipation of grafted skin, individuals having skin grafts encompassing significant fractions of their body surface area will be at a greater risk for a hyperthermic-related injury. Conversely, the prevailing data suggest that such individuals will not be at a greater risk of hypothermia upon exposure to cold environmental conditions.
EVERY YEAR APPROXIMATELY 1.4 MILLION PEOPLE in the US sustain burns (55) , with 40,000 -70,000 of these individuals requiring hospitalization (9, 41, 55 ) and 6,400 and 11,200 experiencing severe burns covering 20% or more of their body surface area (BSA) (2) . Twenty years ago, burns covering one-half of a person's BSA were often fatal. However, due to medical advances, patients with burns covering up to 90% of their BSA are now surviving these injuries. Thus, more individuals are living with larger percentages of BSA of grafted skin than ever before. Military conflicts are also significant sources of burnrelated injuries, given that 5-20% of all battlefield injuries are burn related (8, 11, 56) .
Treatment of severe skin burns typically requires that most of or the entire dermal layer is excised. It is this dermal layer that, in noninjured skin, contains the blood vessels and sweat glands necessary for thermoregulation. This excised area is then covered with donor skin harvested from noninjured regions of the body. According to the Center for Disease Control, in 1996 approximately 191,000 skin-grafting procedures were performed in the US (3). These skin grafts are generally categorized as split-thickness or full-thickness grafts, with the overwhelming majority (Յ90%) being split-thickness grafts. With split-thickness grafts, all of the epidermis and a portion of the dermis are removed from a donor site and grafted to the injured site. Since dermal structures such as the secretory coils of the sweat glands are deep within the dermal layer, most split-thickness grafts do not contain these structures (1, 13, 40) .
For donor skin, the vascular bed, neural connections, and the duct portion of the sweat gland are disrupted by the harvesting procedure. This skin is placed on the wounded area where damaged skin has been removed. Thus, these grafts are entirely dependent upon blood supply and reinnervation from the recipient site. Within the first 24 h following placement of the graft, fibrin attaches the graft to the recipient bed. Anastomoses between the recipient bed and the graft are observed within 48 -72 h following grafting (12, 24, 57) . Revascularization and angiogenesis occur with sprouting and budding of vessels into the grafted tissue (12, 27, 57) . Depending on the thickness of the graft, some degree of circulation is usually restored by the 4th to 7th day following grafting (52) .
Neural control of skin blood flow is required for appropriate thermoregulatory responses; see Charkoudian (10) in this series. If the grafted areas are not appropriately revascularized and if the necessary neural connections are not reestablished, these areas of skin will not contribute to temperature regulation. Such has been proposed in a limited number of investigations of adults who had healed burns over 40% of their body, given higher rectal temperatures in these individuals during a thermal challenge relative to nonburned counterparts (5, 36, 46, 48) , although this is not a consistent observation (4) .
Given the importance of the skin for temperature regulation, coupled with the disruption of cutaneous vascular and neural "circuitry" in grafted skin, the purpose of this review is to highlight current findings pertaining to the consequences of skin grafting on heat-dissipating mechanisms. Prior to the authors and colleagues investigating these questions, relatively few studies in this area had been performed. Thus, in addition to highlighting findings from others, much of the presented work was conducted in a series of studies by the authors and colleagues in which individuals were assessed 5-9 mo, 2-3 yr, and 4 -8 yr postgraft surgery.
Cutaneous Vasodilator and Vasoconstrictor Responses to Whole Body Heat and Cold Stress
Appropriate cutaneous vasoconstrictor and vasodilator responses to cold and heat exposures, respectively, are required for humans to regulate internal temperature. These responses require intact, albeit separate, neural systems (10, 20, 21, 23, 26, (42) (43) (44) (45) 47) . Freund et al. (22) were among the first to investigate the effects of skin grafting on cutaneous vascular responses to whole body heat stress. They found that increases in skin blood flow, assessed via strain gauge plethysmography from forearms with full-thickness circumferential burns that were subsequently grafted, varied from nonexistent to relatively normal during the heat stress. Using a similar approach, but evaluated via laser-Doppler techniques, cutaneous vascular responses were investigated during a passive heat stress from both grafted and adjacent uninjured skin (see Fig. 1 ) (18) . In both studies, the areas where skin perfusion was assessed were not in contact with the water-perfused suit used to heat the subjects (i.e., indirect whole body heating), and therefore, changes in skin blood flow from these areas were due exclusively to neurally mediated responses, not to factors associated with local heating. In contrast to the findings of Freund et al. (22) , Davis et al. (18) found that in every subject the magnitude of cutaneous vasodilation at the grafted site was greatly attenuated during this heat stress, and this deficit persisted upward to Ն4 yr postgrafting surgery (Fig. 2) (17, 18) . On the basis of the findings of Davis et al. (18) , grafted skin is unable to appropriately increase skin blood flow during a hyperthermic challenge, with this deficit persisting for Ն4 yr postgrafting. Reasons for differences in conclusions between the findings of Freund et al. (22) and Davis et al. (18) are not forthcoming other than differences in the methodology (plethysmography vs. laser-Doppler flowmetry) used to evaluate cutaneous vascular responsiveness of the grafted skin to the heat stress.
In a separate protocol, skin blood flow was similarly assessed during indirect whole body cooling (i.e., cooling the subject but not the area where skin blood flow is assessed) to identify whether neurally mediated cutaneous vasoconstrictor responses are affected by skin grafting (15) . This was accomplished by perfusing 5°C water for ϳ3 min through a tubed/ lined suit worn by each subject. This cooling paradigm decreases mean skin temperature under the water-perfused suit from ϳ34°C to typically Ͻ30°C, resulting in a decrease in skin blood flow secondary to the release of norepinephrine and cotransmitters (10, 26, 29, 53 ) from sympathetic adrenergic nerves innervating the skin. In order for the grafted skin to appropriately vasoconstrict during indirect whole body cooling, the grafted skin must have functional adrenergic nerves, functional ␣-adrenergic and related cotransmitter receptors on the cutaneous vasculature, and normal smooth muscle responses to neuronal stimulation. Skin blood flow was assessed via laser-Doppler flowmetry. Interestingly, the magnitude of cutaneous vasoconstriction to indirect whole body cooling was not different between the grafted and control sites, and this response was unaffected by the maturity of the skin graft ( Fig. 3) (15, 17) . These observations suggest that grafted skin has normal vasoconstrictor capacity. On the basis of these findings, grafted skin would not impair temperature regulation during hypothermic challenges since the ability to retain heat through cutaneous vasoconstriction is generally preserved.
When taken together, it is interesting to note that grafted skin apparently has normal reinnervation of the cutaneous vasoconstrictor limb but compromised reinnervation of the active vasodilator limb. Further research is warranted to identify the mechanisms responsible for this selective reinnervation following the grafting procedure.
Cutaneous Vasoconstrictor and Vasodilator Responses to Local Stimuli
Local heating and cooling. Sustained local heating (i.e., directly heating the skin where blood flow is assessed) causes pronounced cutaneous vasodilation that is primarily nitric oxide dependent (30, 34, 38) . Freund et al. (22) previously suggested that skin grafting did not adversely affect cutaneous vasodilator responses to sustained whole limb local heating, although the responses were extremely variable between subjects. In a followup study, Davis and colleagues (17, 18) monitored skin blood flow via laser-Doppler flowmetry from both grafted and adjacent noninjured skin under normothermic conditions (i.e., local temperature of 34°C) and throughout 30 min of local heating at 42°C. In contrast to the findings of Freund et al. (22) , the magnitude of cutaneous vasodilation to this local heating protocol was significantly less at grafted sites relative to the adjacent control sites, regardless of the maturity of the graft (Fig. 4) (17, 18) . The ability to discriminate differences in skin blood flow responses via plethysmography of an entire grafted limb relative to laser-Doppler flowmetry of a smaller region is the likely rationale for the differences in conclusions between those of Freund et al. (22) and Davis and colleagues (17, 18) . It is interesting to note the differences in the magnitude of vasodilation at the grafted skin sites between whole body heating and local heating stimuli (see gray bars in Fig. 2 and black bars in Fig. 4 ). Although local heating-induced vasodilation is significantly impaired in grafted skin, the magnitude of vasodilation to this stimulus was profoundly greater than the dilation that occurred during whole body heating, when the assessed sites were not directly exposed to the heating stimulus. Thus grafted skin retains, to a greater extent, the capacity to dilate to a local heating stimulus relative to a whole body heating stimulus. A rationale for this large difference in cutaneous vasodilation in grafted tissue between these heating stimuli is likely related to the differing mechanisms by which the skin dilates upon increases in local vs. core temperatures (10, 25) .
To evaluate the effects of skin grafting on cutaneous vasoconstrictor responses to local cooling, skin blood flow was evaluated over both grafted and adjacent uninjured skin during cooling from local temperatures of 39 to 19°C. This was accomplished using a Peltier cooling device that housed the laser-Doppler flow probe. Similar to that observed during the whole body cooling perturbation, the magnitude of cutaneous vasoconstriction to the local cooling perturbation was not different between sites regardless of the maturity of the graft (15). Endothelial-dependent and -independent cutaneous vasodilation. Attenuated vasodilator responses of grafted skin to sustained local heating as well as whole body heating could be due, in part, to alterations in nitric oxide release and/or impaired vascular responsiveness to nitric oxide. Both possibilities are intriguing given that ϳ30% of the cutaneous active vasodilator response during whole body heating is nitric oxide dependent (28) , and cutaneous vasodilation to sustained local heating occurs primarily via endothelial-dependent nitric oxide release (30, 31, 34, 38) . Given these observations, Davis and colleagues (16, 17) sought to identify whether skin grafting impairs endothelial-dependent and -independent cutaneous vasodilation. To accomplish these objectives, intradermal microdialysis probes were placed in grafted and adjacent uninjured skin (Fig. 5) , with these probes being perfused with increasing concentrations of acetylcholine (endothelial-dependent vasodilator), and at separate sites increasing concentrations of sodium nitroprusside (nitric oxide donor resulting in endothelial-independent vasodilation). Skin blood flow was measured over the membrane portion of each probe, and dose-response curves were constructed. The primary variables that were evaluated were the effective concentration resulting in 50% of the maximal vasodilator response (i.e., EC 50 ) as well as the maximal vasodilator response to these agents. The maximal increase in skin blood flow due to acetylcholine administration was significantly lower at grafted sites regardless of graft maturity (Table 1) (16, 17) . The EC 50 of the dose-response curve from grafted sites was significantly greater relative to uninjured sites, indicative of a rightward shift of the curve representative of a decreased sensitivity of the vasodilator response to acetylcholine. Conversely, maximal cutaneous vasodilator responsiveness, as well as the EC 50 of the dose-response curves, to sodium nitroprusside was not different between uninjured and grafted sites (Table 2 ) (17). Neither of these responses was affected by the duration postgraft surgery. On the basis of these collective findings, attenuated vasodilator responsiveness to the aforementioned sustained local heating perturbation could be due to altered nitric oxide release presumably from endothelial sources (32) . Altered nitric oxide release may also partially explain the attenuated vasodilator responsiveness during whole body heating in grafted skin (17, 18) , given that ϳ30% of cutaneous vasodilation during such a heat stress is nitric oxide dependent (28, 49, 50) . However, attenuated nitric oxide release alone is unlikely to account entirely for decreases in cutaneous vasodilation in grafted skin during the whole body heat stress, given that the magnitude of cutaneous vasodilation at the grafted sites during whole body heating was ϳ75% attenuated relative to that observed in uninjured skin (see Fig. 2 ).
Sweating Responses to Both Central and Peripheral Stimuli
Although sweating responses may be normal in full-thickness skin grafts (13, 33, 36, 37, 40) , most studies show an absence of sweating from split-thickness grafts (13, 33, 36, 37, 40) , although one of those studies reported normal sweating from some grafts (40) . The reported lack of sweating in split-thickness skin grafts is thought to be due to a combination of the initial injury damaging sweat glands at the recipient site and the harvested skin taken from donor sites not containing sweat glands (1) . However, the potential contribution of denervation of the sweat gland in causing an absence of sweating from grafted skin (13, 33, 36, 37, 40) had not been investigated, nor was it known whether sweat glands regenerate in split-thickness grafted tissue as the graft matures. To address this deficit, studies were performed to identify postsynaptic sweat gland responsiveness in grafted skin as well as to evaluate whether grafted skin has the capacity to regain sweating responses to central and peripheral stimuli as the graft matures (17, 18) . To evaluate the effects of skin grafting on centrally driven sudomotor responses in the grafted area, sweat rate was measured via capacitance hygrometry from grafted and adjacent uninjured areas of skin during an indirect whole body heat stress. Similar to the observation of Ponten (40), two subjects in each of the 2-to 3-yr and the 4-to 8-yr postsurgery groups exhibited slight sweating in the grafted skin, although the magnitude of sweating at these sites was less than at the adjacent control sites. The remaining subjects in these groups, as well as all subjects in the 5-to 9-mo postgraft group, showed minimal or no sweating from grafted sites (17, 18) . The statistical analysis revealed that sweat rate was significantly reduced at the grafted site, and the magnitude of this attenuation was not different when compared between graft maturities (Fig. 6 ). These data support the hypothesis that sweating responses to a whole body heat stress remain disrupted as the graft matures.
Based solely upon the findings in Fig. 6 , it is unknown whether reduced sweating responses were due to an absence of functional sweat glands or to disrupted innervation of the sweat gland. One way to address this question is to evaluate sweating responses to a peripheral stimulus, such as exogenous administration of acetylcholine, which stimulates sweating in a dosedependent manner (14, 51) . Thus, the second aim was accomplished upon administration of increasing doses of acetylcholine (1 ϫ 10 Ϫ7 to 1 ϫ 10 Ϫ1 M at 10-fold increments) via intradermal microdialysis in grafted and adjacent uninjured grafted skin (16, 17) . Sweat rate was measured directly above the microdialysis membranes via capacitance hygrometry. The intent was to model these data via nonlinear regression techniques to identify the EC 50 of the response, similar to the analysis done for skin blood flow. However, this modeling could not be performed due to the absence of sweating at skin graft sites, regardless of the dose of acetylcholine. These data suggest that sweating responsiveness is impaired in skin grafts, likely due to a reduction or absence of functional sweat glands in the grafted tissue, and that sweating responsiveness shows little evidence of normalizing as the graft matures (16, 17) .
Cutaneous Vasomotor and Sweating at Donor Sites
Reduced vasomotor and sweating responses from donor skin may contribute to impaired thermoregulatory responses in skin graft patients who undergo autografting procedures. The harvesting procedure removes the entire epidermal layer and some of the dermal layer from the donor site and thus may alter cutaneous vasodilator and sweating responsiveness at that site. To that end, cutaneous vasomotor and sudomotor responses at donor sites were assessed during indirect whole body heat stress across all groups. Counter to that observed at the grafted sites, normal cutaneous vasodilation and sweating were observed at the donor sites during the heat stress across all maturities (17, 18) . These data strongly suggest that the size of the area of skin harvested from donor sites will not adversely affect temperature regulation in skin graft patients.
Perspectives
Given impaired heat-dissipating responses in grafted skin, one may ask the following questions. 1) How much noninjured skin is required for an individual to appropriately regulate internal temperature during a hyperthermic challenge (i.e., via exercise and/or exposure to elevated environmental conditions), and 2) in the face of impaired cutaneous vasodilation and sweating of grafted tissue, does noninjured skin have the capacity to compensate for reduced vasodilatory and sweating responses of the grafted skin? Only a few studies have investigated the first question in adults (4, 46, 48) , resulting in mixed findings due primarily to methodological limitations and small numbers of subjects (as little as 2 subjects/group). Thus, the percentage of BSA of grafted skin resulting in impaired tolerance to a hyperthermic challenge remains unclear, requiring carefully controlled studies with adequate statistical power to address this important question. A few studies have investigated the first question in children (35, 36, 39) . However, given large differences in surface-to-mass ratios between adults and children, and the implications of such with respect to exercise and temperature control (7, 54) , thermoregulatory responses in children with skin grafts may be different from adults. With respect to the second question, Brengelmann (6) proposed the following relatively simple formula to describe heat transfer from the body core to the environment: Ht ϭ At ϫ Kt (Tc Ϫ Tsk), where heat transfer (Ht) is a function of BSA available to transfer heat (At), skin blood flow (Kt), and the temperature gradient (i.e., difference) between the core and the skin (Tc Ϫ Tsk). From this equation, and based upon the presented findings, one could presume that since skin graft patients have reduced BSA for heat exchange (At) they would have reduced Ht, thereby impairing temperature regulation. However, this conclusion ignores the possibility for the other variables in the equation [i.e., Kt and/or (Tc Ϫ Tsk)] to compensate for the reduction in functional BSA for heat exchange (At). For example, if noninjured skin blood flow is higher (elevated Kt) and/or if sweat rate is higher, resulting in lower Tsk (i.e., elevated core to skin temperature gradient variable; Tc Ϫ Tsk) during a heat stress, then it is conceivable that Ht could approach normal levels in these patients despite a reduction in available BSA (At) for Ht. Thus, the capacity for an individual with a large percentage of BSA of grafted skin to thermoregulate will be based not only upon the amount of skin that is grafted but also the degree to which the noninjured skin can compensate through greater increases in skin blood flow and sweating. Consistent with the aforementioned hypothesis, investigators found higher whole body sweat rates in some burned patients relative to control (i.e., nonburned) subjects (4, 48) despite reduced BSA for sweating in the graft patients. The investigators proposed that the normal skin of burned patients may have the capacity to compensate for deficits in thermoregulatory capabilities of burned skin. Whether this is the case remains unclear and warrants further investigation.
Summary
The initial injury and subsequent grafting procedures profoundly affect the capacity for grafted skin to dissipate heat through cutaneous vasodilation and sweating. Based upon prevailing evidence, this deficit persists for Ͼ4 yr following the grafted procedure and is perhaps permanently disrupted. If uninjured skin cannot adequately compensate for the lack of heat dissipation of the grafted skin, individuals with skin grafts covering large percentages of their BSA will be at a greater risk for a heat-related injury. Conversely, the capacity for grafted skin to vasoconstrict to both a central stimulus (i.e., indirect whole body cooling) as well as a peripheral stimulus (i.e., local cooling) is retained as early as 5-9 mo postgrafting. These data suggest that grafted skin retains its capacity to conserve heat through vasoconstriction to a cold stimulus, and thus individuals with grafted skin are unlikely to be at a greater risk for hypothermia upon exposure to cold environmental conditions.
